ABSTRACT The nucleotide sequence(s) specifying RNA polymerase I initiation has been investigated by studying the transcription of deleted and nondeleted mouse ribosomal RNA gene (rDNA) templates in vitro. The deletion of 5'-flanking sequences upstream from position -39 did not affect transcriptional activity, but removal ofsequences between positions -39 and -34 resulted in a 90% decrease of rDNA transcription. The template activity was completely eliminated by the further deletion of nucleotides -33 to -13. It is concluded that sequences between -34 and -12, upstream from the transcribed region, represent an essential control region for the initiation oftranscription in vitro. Therefore, this region may be functionally analogous to the T-A-T-A box of RNA polymerase H promoters. In addition to this control region, sequences located further upstream (between positions -45 and -169) may also exert some function in efficient transcription initiation as revealed by competition experiments between wildtype and mutant rDNA templates.
Ribosomal RNA genes (rDNA) are an attractive experimental system in which to study gene expression in eukaryotic cells because the rate of transcription is efficiently regulated according to the growth rate of the cells (1) (2) (3) (4) . Thus, the existence of regulatory DNA sequences can be anticipated that define where, along the rDNA repeat, transcription is to begin and how frequently this event is to occur. The elucidation of the molecular mechanisms involved in the regulation of gene expression requires the identification and functional analysis of both transcription factors and DNA sequences that are essential for the readout of the gene.
The role played by specific DNA sequences in promoting transcription can be examined by systematically deleting sequences in the proximity of the initiation site and testing the resulting templates for their transcriptional competence in an in vitro assay. Such studies have revealed the importance ofthe T-A-T-A box (located about 30 nucleotides upstream from the start site of mRNA coding genes) both for the efficiency and specificity of the initiation reaction by RNA polymerase II. On the other hand, the promoter elements of genes transcribed by RNA polymerase III have been shown to be located at two positions within the structural gene itself (for review, see ref. 5 ).
In contrast, almost nothing is known about the sequence requirements for the transcription of rDNA by RNA polymerase I. In the present study, the 5' flanking sequences necessary for accurate and quantitative transcription of mouse rDNA have been analyzed. By constructing deletion mutants of cloned rDNA in vitro and measuring the ability ofthe altered templates to direct the synthesis of specific run-offtranscripts in cell-free extracts, an essential region located between 12 and 34 nucleotides upstream from the initiation site has been identified.
However, competition experiments with wild-type and mutant genes indicate that, in addition to this control region, sequences located further upstream are important for the relative efficiency of the transcription process.
MATERIALS AND METHODS
Construction of Deleted Templates. The nondeleted rDNA clone pMrSP used in this study has been described (6). It contains a 461-base pair (bp) insert of mouse rDNA with 169 bp of the nontranscribed spacer (NTS) region and 292 bp of the external transcribed spacer (ETS) region. Derivatives of this plasmid lacking defined segments of the NTS were prepared as follows. pMrSP (20 ,ug) linearized with Sal I was digested at 20'C with 5 units of BAL-31 for different periods of time. After phenolization, the digested DNA was cleaved with Pvu II, and the DNA fragments were fractionated on a 5% polyacrylamide gel. Appropriate gel regions were cut out, and the recovered fragments were inserted between the Sal I-Pvu II sites of plasmid pBR322 by blunt-end ligation. The extent of deletion in the resulting clones pMrA-86, pMrA-45, and pMrA-34 was determined by DNA sequence analysis. Clone pMrA-39 was constructed by inserting a 687-bp Sau3A fragment (-39 to +648) from clone pMrSalB (7) into the BamHI site of pBR322. The clone pMrA-12 was obtained by inserting a 743-bp EcoRII fragment from pMrSP, which extends from position -12 of the rDNA insert to the pBR322 EcoRII site at position +2500 (8) into the Sma I site of pUC9 by blunt-end ligation.
For the construction of the hybrid plasmid pMrSPA39, the 687-bp Sau3A rDNA insert from pMrSalB was isolated and inserted into the BamHI site of pMrSP. Plasmids containing the Sau3A fragment in either orientation were cleaved with HinfI before being assayed in the cell-free transcription system.
In Vitro Transcription Assays. The preparation of S-100 extracts, the cell-free transcription system, and the analysis ofthe transcribed RNA have been described (6, 7 (Fig. IC, lanes 4-8) . However, major differences were observed in the amount of transcript synthesized. Templates that retained nucleotides up to position -39 synthesized the specific transcript in the same amounts as did the undeleted DNA (Fig. 1C, lanes 3-6) , whereas further deletion of NTS sequences up to position -34 resulted in a marked reduction of the template activity by a factor of about 10 (Fig. 1C, lane 7) . Analysis of the 5' end of the transcripts by SI nuclease mapping (13) (Fig.  2, lanes 1-3) . A mixture of equimolar amounts of pMrSP truncated with either Pvu II or Sma I resulted in approximately equal transcription from both templates (Fig. 2, lane 5) . If, however, equimolar amounts of pMrSP wild-type DNA cut with Sma I were added to reactions containing mutant DNAs truncated with Pvu LI, the transcription from the mutant plasmids was severely impaired (Fig. 2, lanes 6-8) . The decrease in initiation efficiency was more pronounced as more 5' sequences were deleted. This result suggests that upstream regions might have a competitive effect on the efficiency of initiation.
In order to demonstrate the preferential transcription of the nondeleted DNA in the presence of the deleted clones, the competition experiments were repeated with different molar ratios of templates. Fig. 2B compares the effect of increasing concentrations of Sma I-truncated pMrSP on the template activity of either clone pMrA-45 DNA or pMrSP DNA, each cut with Pvu II. The experiment reveals an approximate 50% reduction of pMrA-45 transcription at an approximate 4:1 molar ratio of deleted to nondeleted DNA (Fig. 2B, lane 6) . A further decrease of the template activity of the mutant DNA occurred at higher concentrations of Sma I-truncated pMrSP. At an equimolar ratio of mutant to pMrSP DNA, a 95% reduction of pMrA-45 DNA transcription was observed (lane 9). At the same ratio of the pMrSP/Sma I to pMrSP/Pvu II systems, transcription of the rDNA templates was not impaired (Fig. 2B, lanes  2 and 3) .
In a series of experiments, it was found that the degree of template selection was variable from one extract to another depending on the activity ofthe S-100 extracts. Ifthe extracts used were transcriptionally extremely active, higher concentrations of competitor DNA or lower amounts of S-100 proteins were required to obtain the same degree of competition. One explanation for this finding is that essential transcriptional components, the amount or activity of which varies from extract to extract, may interact with upstream regions in the nontranscribed spacer.
Because of the variability of the extracts and the difficulty of adequately controlling the effect of different DNA concentrations in the assay, a recombinant plasmid was constructed that contains the rDNA insert of both nondeleted pMrSP DNA and deleted pMrA-39 DNA (Fig. 3A) . The use of this hybrid plasmid pMrSPA39 as template in the cell-free transcription system should allow a more accurate quantification of the transcription ofwild-type versus mutant gene. A prerequisite ofthis approach is that the transcription products from each rDNA insert can be distinguished clearly. This can be achieved by restriction of pMrSPA39 DNA with HinfI. Truncation of pMrSP with Hinfl will yield a 599-nucleotide RNA, whereas cleavage of pMrA-39 with HinfI will produce a 351-nucleotide transcript (Fig. 3A) . When the plasmids pMrSP and pMrA-39 were assayed separately in the cell-free system, both transcripts were synthesized in equal amounts (Fig. 3B, lanes 1 and 2) . When the hybrid plasmid pMrSPA39 served as template, a strong preference for the transcription of the nondeleted rDNA insert of pMrSP was observed as compared to that of the deleted insert (Fig. 3B,  lanes 3 and 4) . The strong inhibition of transcription of the deleted gene in the presence of the wild-type gene is in accord with the competition experiments described above and suggests that sequences upstream from position -39 influence the relative transcription efficiency of rDNA in a competitive situation.
In order to define the position of the essential region within the 5'-flanking sequences more precisely, three overlapping regions of the NTS were cloned and used in competition experiments similar to those described in Fig. 2 . The three clones contained sequences from -12 to -90, from -90 to -169, and from -39 to -169 ofthe NTS region. When assayed in the cellfree system, none of these NTS clones inhibited the transcription of the deleted rDNA template of pMrA-39 (Fig. 4, lanes  3-5) , whereas the same amount of pMrSP DNA reduced transcription of the mutant DNA about 90% (lane 2). This suggests that the upstream regions have to be covalently joined to the gene to exert an effect on transcription, that is, they function in cis.
DISCUSSION
This paper describes the use of a cell-free transcription system derived from cultured Ehrlich ascites cells to determine the These results suggest that at least part of the sequence between nucleotides -12 and -34 is essential for transcription and implies that sequences required for faithful initiation are located 5' proximal to the start site of the ribosomal transcription unit. The localization of a transcriptional control region at this position of the rDNA resembles the position of the GoldbergHogness "T-A-T-A" consensus sequence required for the in vitro initiation of transcription by RNA polymerase II. It has been shown by several groups that the T-A-T-A box helps to determine the exact start site in vivo and is indispensable in vitro, whereas sequences further upstream, the C-C-A-A-T box at position -80 and more remote regions, determine the efficiency oftranscription in vivo (5) . Analogous experiments about the sequences required for the expression of RNA polymerase I genes in vivo and in vitro have not yet been published. The data presented in this paper indicate that the location of promoter elements relative to the initiation site may be similar for class I and II RNA polymerase genes. This is surprising because comparison of the sequences in the region of transcription initiation ofribosomal genes from yeast, Tetrahymena pyriformis, Drosophila melanogaster, three Xenopus species, and mouse did not reveal a T-A-T-A box-like sequence or any other canonical sequence common to classes I and II RNA polymerase genes (6, 9, 10, (14) (15) (16) (17) (18) . This lack of homologous sequences in the rRNA genes is in accord with our finding that species-specific factors are probably involved in the transcription of rDNA by RNA polymerase I (19) . The amount or the activity of the factor(s) that controls both the selectivity and the efficiency of the initiation reaction of RNA polymerase I has been shown to correlate with the growth rate of the cells (7) . The mode of action ofthis RNA polymerase I transcription factor(s) is not yet understood, but possibly it may interact with the control region located directly in front of the transcribed region. However, it is equally possible that the factor or another protein binds to regions further upstream and functions by guiding the RNA polymerase I to the initiation site in a manner somewhat analogous to the a factor of Escherichia coli RNA polymerase.
Indeed, the importance of upstream DNA sequences for binding of proteins required for accurate transcription in the cell-free system can be revealed by competition experiments. The utilization of the deleted template was much less efficient in the presence of the nondeleted DNA if both templates were assayed simultaneously. The competitive effect was more pronounced when more 5' flanking sequences had been deleted. This suggests that either the transcription factor(s), the RNA polymerase I, or both have a higher affinity for rDNA sequences than for plasmid DNA, which replaces the rDNA in the deleted clones. The mechanisms by which upstream sequences modulate transcription is not yet clear. However, an analogous effect of upstream sequences on gene expression in vitro has been described for both the transcription of the fibroin gene in silk gland extracts (20) and the silkworm alanine tRNA gene (21) . In both cases, the effect of 5' flanking sequences has been observed only in homologous cell-free extracts. This finding has been interpreted as a competitive capturing of specific transcription factors by defined 5' flanking sequences.
The results in this paper are compatible with this interpretation. I suggest that more than one essential protein ofthe transcription machinery has to interact with defined regions of the rDNA. Such a binding of several proteins to the DNA might occur cooperatively. This working hypothesis could explain why DNA of defined subclones of the NTS were unable to compete with the deleted template pMrA-39.
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